The SLC6 family of structurally related, Na + -dependent transporter proteins is responsible for presynaptic reuptake of the majority of neurotransmitters. Within this family are a number of orphan transporters including NTT4/XT1 (SLC6A17), a protein first identified over 15 years ago. NTT4/XT1 is expressed exclusively in the nervous system and specifically on synaptic vesicles in glutamatergic and some GABAergic neurons. Despite extensive efforts by a number of groups, no substrate has been reported for NTT4/XT1. Here we use a combination of molecular manipulations to increase expression of the NTT4/XT1 protein at the plasma membrane and directly demonstrate that it catalyzes neutral amino acid transport. The substrate profile of the NTT4/XT1-dependent activity is similar to that of the closely related B 0 AT2/SBAT1 (SLC6A15) including a submillimolar apparent affinity for proline and leucine and a low millimolar apparent affinity for glutamine. The transport activity is Na + -dependent, Cl --independent, and inhibited by low pH as is SLC6A15, suggesting redundant roles for these proteins. This characterization of NTT4/XT1 offers important insights into neurotransmitter metabolism as well as the mechanistic differences among the structurally related, but functionally divergent, SLC6 proteins.
The SLC6 family of structurally related, Na + -dependent transporter proteins is responsible for presynaptic reuptake of the majority of neurotransmitters. Within this family are a number of orphan transporters including NTT4/XT1 (SLC6A17), a protein first identified over 15 years ago. NTT4/XT1 is expressed exclusively in the nervous system and specifically on synaptic vesicles in glutamatergic and some GABAergic neurons. Despite extensive efforts by a number of groups, no substrate has been reported for NTT4/XT1. Here we use a combination of molecular manipulations to increase expression of the NTT4/XT1 protein at the plasma membrane and directly demonstrate that it catalyzes neutral amino acid transport. The substrate profile of the NTT4/XT1-dependent activity is similar to that of the closely related B 0 AT2/SBAT1 (SLC6A15) including a submillimolar apparent affinity for proline and leucine and a low millimolar apparent affinity for glutamine. The transport activity is Na + -dependent, Cl --independent, and inhibited by low pH as is SLC6A15, suggesting redundant roles for these proteins. This characterization of NTT4/XT1 offers important insights into neurotransmitter metabolism as well as the mechanistic differences among the structurally related, but functionally divergent, SLC6 proteins.
Synaptic transmission places a great metabolic burden upon neurons. The thousands of neurotransmitter molecules released with fusion of each synaptic vesicle must be replenished. The most direct mechanism of compensating for exocytotic release is presynaptic reuptake of neurotransmitter through plasma membrane transporters. Such a reuptake mechanism is used by several types of neurons including those that release GABA, glycine, and monoamines. The fates of synaptically-released acetylcholine and glutamate are more complex -acetylcholine is hydrolyzed to acetate and choline in the synaptic cleft and synaptically-released glutamate is readily taken up by astrocytes, precluding direct neuronal reuptake of these neurotransmitters. Although acetylcholine is hydrolyzed in the synaptic cleft, a presynaptic transport system for the choline portion of the neurotransmitter is expressed in cholinergic neurons (1) . Glutamate cleared from the synapse by astrocytes is rapidly converted to glutamine and shuttled back into neurons for reconversion to glutamate (2) .
Despite the efficiency of astrocytic glutamate uptake, it is estimated that at least 25% of the synapticallyreleased glutamate exits this glutamate-glutamine cycle (3) , suggesting that glutamatergic neurons must rely on additional transport mechanisms for uptake of neurotransmitter precursors.
The SLC6 family, a group of structurally related, Na + -dependent transporter proteins, is responsible for presynaptic reuptake of the majority of neurotransmitters (4, 5) . These transporters can be subdivided into the following groups on the basis of structure: (1) a monoamine transporter group (DAT, NET and SERT); (2) a GABA transporter group that includes GAT1-3 as well as betaine, taurine and creatine transporters; (3) an amino acid transporter group consisting of the glycine transporters GlyT1 and GlyT2, the proline transporter PROT, and the neutral and cationic amino acid transporter ATB(0+); and (4) a second amino acid transporter group consisting of two imino transporters (one expressed in kidney and one in brain), the two broad specificity neutral amino acid transporters B 0 AT1 and B 0 AT2/SBAT1, and a number of orphan transporters.
Included in the group of orphan transporters is NTT4/XT1 (SLC6A17), a protein first identified over 15 years ago in a screen for sequences related to the GABA and monamine transporters (6, 7) The exclusive expression of SLC6A17 in the nervous system and the close sequence relationship to the known neurotransmitter transporters (NTTs) led to its designation as NTT4. Although NTT4/XT1 is expressed only in glutamatergic and some GABAergic neurons, no substrate has been reported despite extensive efforts by a number of groups (5) (6) (7) .
The challenge in delineating substrate specificity for NTT4/XT1 has been attributed to the likelihood that the protein, which is present on synaptic vesicles in vivo, is not trafficked to the plasma membrane when heterologously expressed (5) . The recent demonstration that SLC6A15 (B 0 AT2/SBAT1), the protein most closely related to NTT4/XT1, is a neutral amino acid transporter (8, 9) has led to the suggestion that NTT4/XT1 is also a neutral amino acid transporter (5) . Here, we test this hypothesis by modifying NTT4/XT1 to increase surface expression of the recombinant protein in transfected HEK293T cells. Using this system we directly demonstrate that NTT4/XT1 is a neutral amino acid transporter with a substrate profile similar to B 0 AT2/SBAT1 including a submillimolar apparent affinity for proline and leucine and a low millimolar apparent affinity for glutamine.
The transport activity is Na + -dependent, Cl --independent, and inhibited by low pH as is SLC6A15, suggesting a potential redundancy of function for these proteins. We also express wild-type NTT4/XT1 in PC12 cells and demonstrate a coupling of vesicle exocytosis with increased amino acid uptake. This finding suggests that in the setting of neuronal activity the vesicular localization of NTT4/XT1 in vivo facilitates redistribution of the transporter to the plasma membrane where it functions as a Na + -dependent neutral amino acid transporter.
Experimental Procedures
Cloning. The coding sequences for the rat isoforms of SLC6A15 (B 0 AT2/SBAT1) and SLC6A17 (NTT4/XT1) were amplified from rat brain cDNA and initially subcloned into the pCR-2.1-TOPO vector (Invitrogen, Carlsbad, CA). Carboxy-terminal tagged full-length NTT4/XT1 constructs (NTT4/XT1-wt) were generated by first amplifying the coding sequence with primers containing 5' HindIII and 3' NotI restriction site sequences and subcloning the resultant PCR product into a pcDNA3 vector (Invitrogen) as modified below.
Carboxy-terminal tagged chimeric NTT4/XT1 constructs (NTT4/XT1-chi) were generated by amplifying the coding sequences for amino acids 1-653 of the rat NTT4/XT1 and the predicted cytosolic carboxyterminal domain of the rat B 0 AT2 (amino acids 656-729) with primers engineered to include 5' HindIII and 3' ClaI sites and 5' ClaI and 3' NotI sites, respectively. The amino-terminal NTT4/XT1 PCR product was subcloned in frame with the carboxy-terminal B 0 AT2/SBAT1 PCR product in pcDNA3, resulting in the following bridging sequence NTLSVIDTYKRG. The isoleucine and aspartate (indicated in bold) separate the NTT4/XT1 and B 0 AT2/SBAT1 fragments. For tagging of carboxy-termini, a hemagglutinin antigen (HA) tag (YPYDVPDYA) followed by a stop codon or the eGFP coding sequence followed by a stop codon was subcloned downstream of, and in frame with, NTT4/XT1-wt or NTT4/XT1-chi coding sequences in pcDNA3 using 5' NotI and 3' XbaI restriction sites. The sequences of all PCR products were confirmed by a commercial facility (Biotech Core Inc., Sunnyvale, CA).
Cell culture and transfection. Human embryonic kidney 293T (HEK293T) cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Invitrogen) supplemented with 10% cosmic calf serum (HyClone, Logan, UT) and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO) at 37°C in 5% CO 2 . Two days before each assay, 24-well Nunc culture plates (Thermo Fisher Scientific, Rochester, NY) were incubated for at least one hour with a poly-D-lysine hydrobromide solution (Invitrogen) followed by an additional one hour incubation in a 1:100 solution of Matrigel (BD Biosciences, San Jose, CA) in DMEM. Each well was then plated with ~90,000 HEK293T cells in a final volume of 500 µL of media. The following day, cells were transfected by the calcium phosphate method (10) with 0.75 µg of DNA per well. Unless otherwise indicated, a combination of 0.5 µg NTT4/XT1-chi plasmid DNA and 0.25 µg dynamin K44A plasmid DNA (11) was used. For control cells, 0.5 µg of plasmid DNA encoding a non-functioning H183R mutant of the lysosomal sialic acid transporter sialin (12) was used to replace the NTT4/XT1-chi plasmid DNA. Cell counts per well at the time of the assay were 252,000 ± 9800 control-transfected cells and 240,500 ± 7000 NTT4/XT1-chi-transfected cells, indicating no significant difference in cell viability (p<0.4).
PC12 cells were maintained in DMEM supplemented with 10% horse serum, 5% cosmic calf serum, and 1% penicillin/streptomycin. Serum-deprivation (DMEM with 1% horse serum and 1% pen/strep) in the presence of NGF (50 ng/mL) for 4 days was used to differentiate PC12 cells. To generate PC12 cells stably expressing NTT4/XT1, wild-type PC12 cells were transfected with pcDNA3 vector containing the HA-tagged wild-NTT4/XT1 sequence using Lipofectamine 2000 (Invitrogen) following the protocol of the manufacturer. Clonal cell lines with the plasmid stably integrated were selected for by resistance to G418 (0.5 mg/mL, Invitrogen). Immunofluorescence staining (see below) was used to identify lines expressing high levels of the recombinant protein.
Fluorescence Imaging. Cells were plated on coverslips pre-treated with poly-D-lysine hydrobromide and Matrigel. HEK293T cells were transfected as described above and approximately 24 hrs post-transfection fixed with 4% paraformaldehyde in PBS for 20 min at 4°C. PC12 cells were similarly plated and fixed. The HA-tagged proteins in transfected HEK293T cells were immunostained as previously described (12) with a monoclonal mouse α-HA primary antibody (Covance, Princeton, NJ) at 1:2000 and goat α-mouse fluorescently labeled (Alexa 488) secondary antibody (Molecular Probes, Invitrogen) at 1:1000. For double-labeling studies the stably transfected PC12 cells were plated similarly, but differentiated as described above. Cells were immunostained with rabbit α-HA (ABcam) and mouse α-synaptobrevin (Synaptic Systems) primary antibodies diluted at 1:1000 and 1:3000 respectively and fluorescently labeled donkey α-rabbit rhodamine Red-X (Jackson Immuno) and goat α-mouse Alexa 488 (Molecular Probes) secondary antibodies at 1:1000. Fluorescence images were collected with a Zeiss Axiovert microscope using Openlab 3. To measure background for experiments using transiently transfected HEK293T cells, control cells were transfected with a previously characterized plasma membrane-targeted non-functioning H183R mutant of the lysosomal sialic acid transporter sialin (12) . Uptake in wild-type PC12 cells was assayed as background for experiments with stably transfected PC12 cells. For vesicular transport assays post-nuclear supernatants (PNS) were prepared by resuspending pelleted PC12 cells in 0.3 M sucrose, 10 mM HEPES-KOH, pH 7.4 (SH buffer) containing protease inhibitors (in ug/mL: 2 aprotinin, 1 leupeptin, 2 antipain, 10 benzamidine, 35 phenylmethanesulphonylfluoride, 1 chymostatin, 1 pepstatin,) along with 1.25 mM MgEGTA. The cells were disrupted by homogenization at 4°C through a ball-bearing cell homogenizer with a 10 µm clearance and nuclear debris was sedimented at 1,000g for 5 min to yield the PNS. 200 µg of PNS in 50 µl was added to 200 µl of uptake buffer (100 mM NaCl, 20 mM HEPES, 2.5 mM MgSO4, 2 mM ATP, pH 7.4) with 22 nM of [ 3 H]-Pro and incubated for 6-10 min. The reaction was terminated by rapid filtration through polyethersulfone membranes (Supor 200, Pall), followed by immediate washing with 2x 1.5 mL cold uptake buffer. The bound radioactivity was measured by scintillation counting in 3 mL Cytoscint (ICN). Background was subtracted for all analyses.
Calculations. Uptake of radioactive amino acids was independently measured in duplicate wells of control and NTT4/XT1-transfected cells for each condition in a minimum of three separate independent experiments. Scintillation counts were converted into molar quantities by calibration of a given volume of [ 3 H]Pro or [ 3 H]Gln with specific activity data provided by the manufacturer (ARC, Inc.). Specific NTT4/XT1-mediated amino acid uptake was calculated as the difference in uptake between control-transfected wells and NTT4/XT1-transfected wells assayed under parallel experimental conditions. For the protease protection assay, samples from three independent experiments were analyzed. Error bars represent standard error of the mean of the average values from independent experiments. Statistical significance is indicated by single (p<0.05) or double (p<0.01) asterisks. All linear and nonlinear regression analyses were performed in Prism5 (GraphPad Software Inc., La Jolla, CA). The concentration of unlabeled substrate that inhibits specific NTT4/XT1-mediated [ 3 H]Pro uptake by 50% (IC 50 ) was calculated from the linear regression of normalized uptake vs. the logarithm of the concentration of unlabeled substrate. The K m and V max for Pro and Gln were calculated from the non-linear regression of specific NTT4/XT1-mediated amino acid uptake velocity vs. the extracellular concentration of Pro and Gln, respectively.
Results

Sequence comparisons predict that NTT4/XT1
mediates Na + -dependent, Cl --independent proline transport. The SLC6 family is a group of structurally related proteins that transport amino acids and other small organic molecules.
The recent determination of the tertiary structure of the related bacterial amino acid transporter LeuT has led to the identification of specific residues and regions that are involved in binding of substrate and transported ions (13) . An alignment of NTT4/XT1 with its most closely related family member, B 0 AT2/SBAT1, indicates a high degree of sequence similarity between the two proteins (66% identity) with the greatest divergence in the last transmembrane region and the cytosolic amino-and carboxy-termini ( Fig. 1 ). There is an absolute conservation of residues in B 0 AT2/SBAT1 and NTT4/XT1 in the positions implicated in binding the substrate and sodium ions. A comparison to the structurally related human serotonin transporter (SERT) indicates that of the four residues implicated in binding a Cl -ion (14, 15) , the residues corresponding to Y121, N368, and S372 in SERT are conserved in B 0 AT2/SBAT1 and NTT4/XT1 while the residue corresponding to S336 in SERT is an alanine in B 0 AT2/SBAT1 and NTT4/XT1. The absolute conservation of the ion and substrate binding residues in B 0 AT2/SBAT1 and NTT4/XT1 suggests that these proteins transport similar substrates with similar ionic dependence. This predicts that NTT4/XT1 is a Na + -dependent, Cl --independent neutral amino acid transporter, but previous attempts at measuring such activity have been unsuccessful (5-7).
The cytosolic carboxy-terminus of NTT4/XT1 influences targeting to intracellular vesicles. Previous work has revealed that NTT4/XT1 is localized to synaptic vesicles in vivo (16) . We anticipated that targeting NTT4/XT1 to the plasma membrane could facilitate a functional analysis of the transporter. For B 0 AT2/SBAT1, studies on the localization of the heterologously expressed protein (17) suggest that the protein resides on the plasma membrane, a conclusion that is supported by the recent demonstration of transport activity in Xenopus oocytes (8, 9) . Since trafficking motifs for membrane proteins are typically present in cytosolic domains, we looked for cytosolic regions of NTT4/XT1 and B 0 AT2/SBAT1 with greatest sequence variation to identify sequences that might target NTT4/XT1 to intracellular membranes. Of the predicted cytosolic domains, the carboxy terminus exhibits the greatest divergence (42% identity). To determine whether the carboxy-terminus contributes to the different subcellular localization of NTT4/XT1 and B 0 AT2/SBAT1, we generated a chimeric protein in which the carboxy terminus of NTT4/XT1 is replaced with the corresponding region of B 0 AT2/SBAT1. Immunofluorescence studies demonstrate that the wild-type NTT4/XT1 protein is targeted to intracellular membranes when heterologously expressed in HEK293T cells ( Fig. 2A, left panel) . In comparison the immunostaining pattern of the chimeric NTT4/XT1 protein suggests a pool of protein on intracellular vesicles, but a greater degree of plasma membrane targeting ( Fig. 2A, right panel) .
In order to confirm this finding we used a protease protection assay to assess the relative amount of protein on the cell surface. We specifically examined the sensitivity of the heterologously expressed wild-type and chimeric NTT4/XT1 proteins to trypsinization in intact cells. Since NTT4/XT1 has several trypsin cleavage sites in predicted extracellular loops, protein on the cell surface should be digested by trypsin while protein localized to intracellular vesicles should be insensitive to the exogenous protease. Quantification of Western blot signals of extracts from cells expressing the HA-tagged proteins (Fig. 2C ) indicate that incubation with trypsin results in a loss of 24±2% of the wild-type protein and 35±1% of the chimeric protein. This finding suggests a higher level of plasma membrane expression when the carboxy-terminus of NTT4/XT1 is replaced with that of B 0 AT2/SBAT1 and is consistent with our immunofluorescence data. While these data indicate that the carboxy-terminus of NTT4/XT1 has some role in trafficking, the presence of a large intracellular pool of chimeric protein suggests that other domains in NTT4/XT1 likely contribute to vesicular targeting of the protein.
Since recent studies have demonstrated that B 0 AT2/SBAT1 mediates pH sensitive proline transport with a submillimolar apparent affinity (8,9), we hypothesized that NTT4/XT1 would have similar transport activity and that increased expression of the chimeric protein on the cell surface would correlate with increased uptake. Indeed uptake of radiolabeled proline in pH 8.5 buffer was 2.4 fold and 3.4 fold greater in HEK293T cells expressing wild-type and chimeric NTT4/XT1, respectively, as compared with control cells (Fig. 2D) . Furthermore, specific NTT4/XT1-mediated proline uptake (as calculated by subtracting uptake in control cells from uptake in NTT4/XT1-expressing cells) was 1.7 fold greater in cells expressing the chimeric protein than in cells expressing the wild-type protein (Fig.  2E, p<0 .02).
NTT4/XT1 mediates Na + -dependent, Cl --independent proline transport. Since much of the chimeric protein is intracellular, we sought to increase the amount of protein at the plasma membrane in an attempt to increase measurable NTT4/XT1-mediated proline uptake even further. To do so, we co-expressed chimeric NTT4/XT1 (NTT4/XT1-chi) with a dominant negative isoform of dynamin (dynamin K44A), which has been shown to decrease endocytosis of proteins from the plasma membrane (1,11). Cells cotransfected with dynamin K44A exhibited 3-fold greater proline uptake than control cells at both pH 7.4 and pH 8.5 (Fig. 3A) . Although background is increased (compare Fig. 3A pH 8 .5 control to Fig.  2D control) , this co-expression approach enhances specific NTT4-XT1-mediated uptake activity at pH 8.5 by 34% (p<0.02; Fig. 2D and 3A) .
To assess ionic dependence of NTT4/XT1-mediated proline transport, we next compared uptake of radiolabeled proline in assay buffer containing NaCl, NaGluc (Cl --free), and NMDG-tartrate (Na + -and Cl --free). Specific NTT4/XT1-mediated uptake is not significantly different in NaCl vs. NaGluc, suggesting Cl -independence; however, uptake is strongly inhibited in NMDG-tartrate as compared with NaCl or NaGluc, demonstrating Na + dependence (Fig. 3B) . Uptake in assay buffer containing Natartrate is comparable to uptake in NaCl and NaGluc (data not shown). These results indicate that, similar to B 0 AT2/SBAT1, NTT4/XT1 catalyzes proline transport in a Na
To examine the time dependence of proline uptake, NTT4/XT1-chi and controltransfected HEK293T cells were incubated with radiolabeled proline in assay buffer containing NaGluc (pH 8.5) for 0 to 60 min (Fig. 3C) . Proline uptake was greater in NTT4/XT1-chitransfected cells at all time points. A subtraction of the endogenous proline uptake from the uptake observed with NTT4/XT1-chi (Fig. 3D) shows that specific NTT4/XT1-chi-mediated proline uptake reaches a steady state within approximately 20 min.
To further examine sodium dependence of specific NTT4/XT1-chi-mediated uptake in transfected HEK293T cells, we quantified uptake of radiolabeled proline in assay buffer containing 0 to 120 mM sodium (pH 8.5) for 5 min at 37ºC. Equimolar ionic concentrations were maintained by combining sodium tartrate with NMDG and tartaric acid to achieve the desired [Na + ]. The specific NTT4/XT1-chi-mediated proline uptake shows a hyperbolic dependence on extracellular sodium (Fig. 4A ) with a nonlinear regression using a least squares (ordinary) fit of the data indicating a half-maximal uptake at [Na + ] = 23 mM.
NTT4/XT1-chi-mediated proline transport is dependent on membrane potential and pH.
Given that B 0 AT2/SBAT1 transport is electrogenic (8,9) we next examined the dependence of proline uptake by NTT4/XT1-chi on membrane potential (Fig. 4B) . Uptake was reduced by 12% with the addition of 20 µM of the potassium ionophore valinomycin (val), 55% with the addition of 25 mM potassium tartrate (K + ), and 63% with the addition of both valinomycin and potassium tartrate (val+K + ). Since increasing extracellular potassium ions depolarizes the membrane and valinomycin enhances this effect, the resulting reduction in NTT4/XT1-chi-mediated proline uptake is consistent with an electrogenic transport mechanism.
B 0 AT2/SBAT1 and other members of the SLC6 family mediate pH-dependent transport (9, 18, 19) , thus we next sought to determine whether the activity of NTT4/XT1 is also modulated by pH. To test pH dependence, we measured specific NTT4/XT1-chi-mediated proline uptake in buffer solutions of different pH. Similar to B 0 AT2/SBAT1, NTT4/XT1-chimediated proline transport is inhibited by low pH with little measurable transport at pH 5.5 (Fig.  4C) . Uptake increases linearly with increasing pH from pH 6.5 to 8.0. The pH sensitivity could be the result of the coupled counter transport of H + or changes in the protonation state of an extracellular residue(s) that alter substrate binding or transport. To determine whether the transmembrane pH gradient (ΔpH) could be contributing to the driving force for proline uptake, we used ammonium ions to dissipate the gradient. At pH 8.5, a condition in which the extracellular pH is higher than the intracellular pH, addition of 10 mM ammonium tartrate significantly reduces proline uptake; however, at pH 7.2 where ΔpH is very small, addition of ammonium tartrate does not affect uptake (Fig. 4D) . These data suggest that ΔpH contributes to the driving force for proline transport by coupling H + antiport to proline uptake. However, at pH 6.5 the inhibitory effect of low pH is not reversed by the addition of ammonium tartrate.
NTT4/XT1-chi-mediated proline transport is inhibited by neutral amino acids. Given that members of the SLC6 family have been shown to transport a variety of different amino acids (4,5), we next examined substrate specificity of NTT4/XT1-chi using an inhibition assay. We measured the uptake of radiolabeled proline in the absence and presence of 5 mM unlabeled amino acids (Fig. 5A) . As normalized to [ 3 H]proline uptake in the absence of unlabeled amino acids, uptake is most efficiently inhibited by neutral amino acids. Specific NTT4/XT1-chi-mediated proline uptake is reduced by at least 90% in the presence of leucine, methionine, or proline, at least 75% in the presence of cysteine, alanine, glutamine, or serine, and at least 50% in the presence of histidine or glycine. Proline uptake is also significantly inhibited by the amino acids MeAIB, D-serine, AIB, and glutamate, although to a much lesser degree. Pyroglutamic acid, GABA, and arginine have no effect on uptake.
To further characterize and compare the inhibition of [
3 H]Pro uptake by leucine, proline, and glutamine, we measured uptake of [
3 H]Pro in the presence of 0 to 10 mM unlabeled substrate. As analyzed with a linear regression of normalized proline uptake vs. the log of unlabeled substrate, leucine inhibits with the highest affinity followed by proline and then glutamine (Fig. 5B) . The concentration of substrate that inhibits specific NTT4/XT1-chi-mediated proline uptake by 50% (IC 50 ) is 0.28 ± 0.04 mM for leucine, 0.39 ± 0.05 mM for proline, and 1.60 ± 0.16 mM for glutamine (Fig. 5D ). To further compare the kinetics of proline vs. glutamine transport, we measured uptake of either [ 3 H]Pro or [ 3 H]Gln, supplemented with 0 to 10 mM of the corresponding unlabeled amino acid (Fig. 5C ). Fitting these data with a nonlinear regression using a least squares (ordinary) fit of the MichaelisMenten model enabled us to calculate the apparent K m for proline as 0.36 ± 0.02 mM, the apparent K m for glutamine as 5.2 ± 1.5 mM, the Vmax for proline as 10.0 ± 0.5 nmol/well/5 min, and the Vmax for glutamine as 17.6 ± 0.4 nmol/well/5 min (Fig. 5D) .
The (Fig. 6A) indicate that the HA-tagged protein partially colocalizes with synaptobrevin, a protein that localizes to synaptic-like microvesicles and large dense core vesicles in PC12 cells (20) . The stably expressing cells exhibit a 2.4-fold increase in proline uptake compared to wild-type PC12 cells, suggesting expression of a portion of the recombinant protein on the cell surface (Fig. 6B) . To induce Ca ++ dependent exocytosis of vesicles without markedly altering the extracellular ionic composition we used ionomycin, a calcium ionophore (21) . In the absence of ionomycin, extracellular Ca ++ has no effect on NTT4/XT1 dependent transport, but in the presence of ionomycin addition of 2.2 mM Ca ++ to the transport assay buffer increases transport by 28±4% (Fig. 6C) . To determine whether NTT4/XT1 might also mediate vesicular accumulation of its substrates, we assayed for uptake of proline into vesicles isolated from these same cells. In contrast to a recent report (22) we were unable to detect vesicular proline transport in preparations from the wild-type or stable cells in the presence or absence of ATP (data not shown).
Discussion
Although SLC6A17 (NTT4/XT1) was first identified more than a decade ago, its biochemical function has remained unknown. The predominant localization of heterologouslyexpressed NTT4/XT1 to intracellular membranes has likely impeded its functional characterization. Therefore, we have developed a system to express the recombinant protein at high levels on the plasma membrane in HEK293T cells. This approach has allowed us to directly demonstrate that NTT4/XT1 catalyzes the Na + -dependent transmembrane transport of neutral amino acids. Given that NTT4/XT1 exhibits observed substrate specificity and apparent affinities similar to those of B 0 AT2/SBAT1 (21, 22) , we propose that NTT4/XT1 be designated B 0 AT3 for the broad (B) specificity for uncharged (0) amino acids. In addition, we show that amino acid uptake by a neurosecretory cell line expressing wild-type B 0 AT3 is enhanced in the presence of a calcium ionophore, suggesting that Ca ++ -mediated vesicle exocytosis redistributes B 0 AT3 to the plasma membrane. This finding demonstrates a potential mechanism whereby neuronal activity in vivo would regulate the plasma membrane localization of B 0 AT3 to promote Na + -dependent amino acid uptake across the plasma membrane.
In addition to the similarity in structure, Na + -dependence, and substrate specificity, B 0 AT3 resembles B 0 AT2/SBAT1 in its relative abundance in the nervous system. The primary distinguishing characteristic appears to be the subcellular localization. B 0 AT2/SBAT1 is expressed predominantly on the plasma membrane, while B 0 AT3 is targeted to synaptic vesicles in vivo and intracellular membranes when heterologously expressed (16, 17) . Our data suggest that this difference is due, in part, to a targeting domain or domains in the cytosolic carboxy-terminus of B 0 AT3. It is unknown which sequences within this domain are responsible for the targeting effects. Preliminary mutagenesis studies on the conserved sequence DETRFIL in the carboxyterminus which conforms to the dileucine based consensus motif for adaptor protein (AP) binding (23) suggest that this sequence does not have a marked effect on trafficking. More extensive studies will be necessary to determine which sequences within the carboxy-terminus and what other domains of B 0 AT3 are involved in proper targeting of the protein to synaptic vesicles.
Differences in coupling mechanisms have been proposed for the transporters in the SLC6 family.
For example, the Na + :substrate stoichiometry varies between 1:1 to 3:1 (4). Although B 0 AT3 is clearly Na + -dependent, only three of the five residues predicted to bind Na 1 based on the LeuT structure are conserved in B 0 AT3 (G20, V23, and S355), while the other two (A351 and T354 in LeuT) are leucine and glycine, respectively in B 0 AT3. Similarly, only two of the four residues that bind Na 2 in LeuT are conserved in B 0 AT3 (N27 and N286 are conserved while A22 and T253 are serine and alanine, respectively). Cooperativity is not evident in the Na + dependence of B 0 AT3-mediated uptake, but this does not exclude the possibility of a stoichiometry other than 1:1. Direct measurement of the current-flux ratio may be needed to determine the stoichiometry. However, given the V max of B 0 AT3, transport coupled currents, if present, may be difficult to detect.
Recent work has identified residues that are implicated in binding Cl -and in conferring the Cl --dependence of the SLC6 neurotransmitter transporters (14, 15) . A proposed model has a Cl -coordinated by Y121, S336, N368, and S372 of the human SERT. Sequence comparison of other family members reveals that these residues are absolutely conserved in the Cl --dependent transporters (GAT1-3, BGT1, NET, DAT, GlyT1, GlyT2, CT1, ATB 0+ , TauT, imino and PROT) while they are not in the structurally related Cl --independent bacterial proteins LeuT, TnaT and TyT1. Mutations of these residues in GAT1 and SERT alter the Cl -dependence of these proteins and mutation of residue 290 in LeuT, which corresponds to S372 in SERT, from glutamate to serine leads to a Cl -dependence of the transport activity, supporting the model. In each of the Cl --independent SLC6 transporters (B 0 AT1, B 0 AT2, and B 0 AT3), only one of these four residues corresponding to Cl --coordinating amino acids is not conserved.
In B 0 AT1 the residue corresponding to Y121 is a phenylalanine and in both B 0 AT2 and B 0 AT3 the residue corresponding to S336 is an alanine. Since the hydroxyl groups of the Y121 and S336 coordinate the Cl -ion, it is very likely that these specific residues are responsible, in part, for the lack of Cl --dependence in B 0 AT1, B 0 AT2, and B 0 AT3. The transport activities of both B 0 AT2 and B 0 AT3 are remarkably pH-dependent, but the underlying mechanism for this is unclear. A similar robust activation by elevated pH has been demonstrated in a number of other transporters in the SLC6 family including the mouse GAT4, GlyT1b, and B 0 AT1 (18, 19, 24) . The reduction in B 0 AT3-mediated transport associated with dissipation of the pH gradient by ammonium ions suggests that H + antiport may be coupled to proline uptake. However, previous studies with B 0 AT2 suggest that the pH sensitivity is not due to the transmembrane pH gradient (9) . A more comprehensive analysis of the effect of ΔpH on transport activity of these proteins and/or direct determination of the presence or absence of intracellular pH changes associated with amino acid transport mediated by these proteins will be required to resolve the role of extracelluar pH and the transmembrane pH gradient in regulating B 0 AT3. While cell specific expression patterns, synaptic vesicle localization, and the biochemical characterization of B 0 AT3 provide some clues, the physiological role of the protein remains unclear. Its expression in glutamatergic and some GABAergic neurons suggests a substrate for which glutamatergic/GABAergic neurons have a relatively greater need in comparison to other neuronal subtypes. Our studies with PC12 cells and the synaptic vesicle localization of B 0 AT3 in vivo along with its Na + dependence suggests that B 0 AT3 function is coupled, in part, to synaptic vesicle fusion with the plasma membrane. This implies a physiological role that is tightly coupled to synaptic transmission.
What is the specific role of B 0 AT3? It is tempting to conclude that similar to ChT, a Na + -dependent choline transporter that localizes to synaptic vesicles in cholinergic neurons, B 0 AT3 is mediating uptake of a precursor used in the synthesis of a neurotransmitter (1) . If this is the case, then the obvious choice for its physiological substrate is glutamine, which is a metabolic precursor of both glutamate and GABA (25) . The concentration of glutamine is 10 times higher than any other amino acid in the cerebrospinal fluid (26) . Although it has been suggested that the system A transporters SNAT1 and SNAT2 are involved in glutamine uptake by glutamatergic neurons, recent anatomical and pharmacological studies argue against this (27,28). Thus B 0 AT3 and/or B 0 AT2 activity could be supplying glutamine to these neurons.
Given the broad substrate specificity of B 0 AT3, a number of other potential roles must be considered. B 0 AT3 may contribute to glutamate synthesis by supplying amino acids that provide amine groups for the synthesis of glutamate from α-ketoglutarate. Of note, it has been estimated that nearly one-third of the nitrogen utilized for glutamate synthesis in rat brain is supplied by the branched chain amino acids leucine, isoleucine and valine (29) Regardless of the physiological role of B 0 AT3, the similar substrate specificity, ionic dependence, and pH dependence suggest that B 0 AT2 and B 0 AT3 may have some functional redundancy. This may explain, in part, the mild phenotype of the B 0 AT2/SBAT1 deficient mice (33) and suggests that defining the role of these proteins may prove difficult. Further, the synaptic vesicle localization of B 0 AT3 suggests that its role may be uniquely relevant during periods of intense neuronal activity.
In characterizing the function of B 0 AT3, we have shed some light on our understanding of the mechanisms that underlie amino acid metabolism in neurons. We have demonstrated a direct role for the protein in the transmembrane transport of neutral amino acids, identified a domain involved in targeting the protein to intracellular membranes, and defined its basic biochemical characteristics. Coupling the transport characteristics of B 0 AT3 with a comparison of its structure to other members of the SLC6 family of transporters may also reveal important insights into the mechanistic differences among these structurally related, but functionally divergent, proteins. The open and filled red circles show residues involved in coordinating sodium ions Na 1 and Na 2 , respectively, while the black circles indicate residues involved in substrate binding by LeuT according to Yamashita et al. (13) . The blue circles denote residues involved in Cl -binding by SERT according to Forrest et al. (14) . There is a high overall degree of similarity between NTT4/XT1 and B 0 AT2/SBAT1 (66% identity) and an absolute conservation between the proteins for the residues involved in substrate and ion binding. 
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